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WIND-TUNNEL TESTS OF 1O-FOOT-DIAMETER AUTOGIRO ROTORS

By JOHNB. WHEATLHYand CARLTON BIOLETW

SUMMARY

A seria of 10~ootdiameter autogiro rotor models were
tested in the N. A. (?. A. fiO~oot wind tunnel. Four of
the mod.h di$ered only in the airfoil sectti of the
bti, the StZtti wsd- being the N. A. C. A. 001$?,
0018,413, and 4418. Three additthna.1models employ-
ing the IV. A. C. A. 0019 section were texted, in which a
varying portion of the bladenear the hub was replamo?by
a streamline tube with a chord of abmd one-fourth the
blue%chord.

Wdh maximum L/D wwd m a crikrion, the order of
merit of ilk airfoil secihw tested h: N. A. C. A. @19,
0013, @18, and 0018. The eliminu.tion of blade area
near the hub was found to huve a detrken$aJ e$eci on
the rotor LID. The r& indicute the pogmiiy of
obtainingfurther improvement in the L/D by using thin-
rwr airfod eectti and by employiw tapered bludea&h
a tip chord smailer than tb root chord. The results ako,
demonstrablethe neceswly for a study of the e~ect of bkk
twist on the rotor churaeterktia and show the advkM-
ity of improving testing technique to reduce the errom
occurring in the determination of the tare drag.

INTRODUCHON

The high-speed performance of the autogiro is at
present inferior to that of the airplane, although no
inherent reason for the existing large difference has
appeared. The N. A. C. A. has accordingly deoided
to investigate diflerent types of autogiro rotors with
the purpose of establishing a means of improving the
efficiency (the Ii&drag ratio) of the rotor.

The results given in this paper were obtained by a
wind-tunnel investigation of 10-footdiameter model
rotors in which the influence on rotor characteristics
of the blade airfoil section and a variation in the blade
plan form were determined. Four airfoil motions dif-
fering in camber and thickness and four plan forms
were tested; the aerodynamic characteristics of each
rotor were determined at several pitoh settings over
the entire range of tip-speed ratios in which the rotors
would rmtorotate.

APPARATUS

The model rotors were tested in the N. A. C. A.
20-foot wind tunnel described in reference 1. The test
Se&upis shown in figure 1, which shows that the rotor
was supported by a small mast projecting horn a Iargo
&ring. The entire supporting structure, with the ex-
ception of the mast and part of the sting and tailpost
mlsoshown in figure 1, was shielded from the air stream
to reduce the tare drag. The mast was attached to an
electric motor enclosed in the shielding; the motor em-
ployed to start the model rotating was mounted in
trunnion bearings to permit a change in the rotor angle
of attack by means of the sting and tailpost. The
rotors were mounted inverted so that at 90° angle of
attack the rotor was upstream from the buI& suppork
ing structure. A magneto tachometer geared to the
rotor shaft measured the rotor speed.

The model rotor hub used for all rotor tests had
journal bearings at the horizontal and vertical piu
articulations; the use of these bearings made it neces-
sary that the hub be considerably larger in proportion
than a fulkcale hub. The horizontal pin was placed
at a radius of 1.125 inches (1.88 percent l?) and the ‘
radius of the vertical pin was 2.50 inches (4.17 percent
R). Damping w-as supplied at the vertical pins by
means of adjustable washers, which provided a friction
torque of about 6 inch-pounds. The rotor blades were
attached to the hub by steel forks bolted to the blades
and screwed into sockets connected to the vertical pins.
Pitch adjustments were made at these screw cennec-
tionsj which were locked by clamping bolts. The
blade butts were at 7%nch radii (12.5 percent R)
and the outer ends of the forks at 12-inch radii (20
percent R).

Ml seven rotors had diametem of 10 feet and con-
sisted of three blades, which were constructed of
laminated mahogany, hollowed to reduce their might,
balanced about the quarter-chord point by brass
nosepieces forming part of the airfoil section. Four
sets of blades differed only in the airfoil section used;
the sections tested were the N. A. C. A. 0012, 0018,
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4412, and 441S. These rotors are designated A
(N. A. C. A. 0012), A (N. A. C. A. 4418), etc., where
A indicatea the plan form. Three additional sets of
blades employing the N. A. C. A. 0012 profile were
constructed in which a systematic variation of plan
form was effected; thwe rotors are designated B

axes of 0.25c and 0.75c. The physical characteristics
of the blades are shown in table I; the ordinates of the
airfoil sections are given in reference 2.

The motion of the rotor blade about the horizontal
pin was recorded throughout several revolutions by a
stylus scratching on waxed paper. The stylus was

FmuEE 1.—A10-fcd antc@o mt.or mounted far test

(N. A. C. A. 0012), C (N. A. C. A. 0012), and D
(N. A. C. A. 0012). Rotors B, C, and D di.flered in
that the inner 30 percent, 45 percent, and 60 percent,
respectively, of the blade was replaced by a 1fi-inch-
dhmeter streamline tube having a chord of about
one-fourth the blade chord, as shown in iigure 2. The
tip shape of all blades was semidliptical; the trailing
edge was a circular quadrant with a radius of 0.75c,
and the leading e@ge was an elliptical quadrant with

/ — /

linked to the blade so that the deflections of the stylus
and blade were proportional, and the waxed paper was
wound on a drum concentric with the rotor axis
immediately beneath the rotor disk. The record waa
orientad in azimuth by a prick punch iixed with refer-
ence to the air stream. Successive records were ob-
tnined by winding tho paper on spools within the
drum; the spools were manually operated from tho
balance house.
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TESTS AND PROCEDURE

Each rotor was tested at several pitch settings from
0° to the highest angle at which autorotation could be
obtained over n reasonably wide range of tip-speed
ratios. Pitch settings were measured from the angle
of zero lift of the blade section using the data given in
reference 2. The test data are incomplete in some
cases at low tip-speed ratios and low pitch settings
because at the lowest tunnel speed available (4o feet
per second) the rotor speed became dangerously high.
In general, the range of tip-speed ratios tested became
smaller as the pitch setting was increased bbcause
auturotation broke down at successively lower values
of the tip-speed ratio. No tests were made of the
B (N. A. C. A. 0012) rotor at tip-speed ratios ‘below 0.1
because the model vibrated violently in that range.

A(NA.CA.~12) A(iVA:C.A.O@i) A(A!AC.A.4412)“A(h!ACA 4418)

~ \~-‘80--42’
.— . .— .— -—. —

‘E&+=

1

~__j ‘“~’” ~
.—. — .— - .—-— —-

6h3’

DfiWUA. 0012)

PmuEE 2—P18n forms of modelmMir13bhd=

At the beginning of a test the rotor was driven at
about 400 revolutions per minute with the electric
motor. The tunnel fan was then started and the
model was allowed to rmtorotate. In generul, all tests
were made at a rotor speed of 55o revolutions per
minute, giving a tip speed of 288 feet per second.
Data were obtained at each tunnel speed between 40
feet per second and 140 feet per second by adjusting
the angle of attack. When the tunnel speed rmched
140 feet per second, which corresponds to a tip-speed
ratio of about 0.6 for a rotor speed of 550 revolutions
per minute, it was kept constant and tip-speed ratios
greater than 0.5 were obtained by successive reductions
in the rotor speed. In this manner, except for the
limitations previously mentioned, all tip-speed ratios
from O to 0.7, corresponding to angles of attack from
90° to the minimum obtiable, were investigated.

At any tunnel speed, when steady conditions had
been obtained, simultaneous visual observations of

ift, drag, dynamic pressure, rotor speed, and angle of
~ttack were made. Records of blade motion were
]btained during the tests at intervals of the tip-speed
:atio’ of about 0.03.

The tare forces on the set-up were determined with
;he rotor and hub removed over the same range of air
~peeds as that in which the rotor tests were made.
17herewas an appreciable scale effect on the tare forces
JOthat the coefficients of tare lift and drag used for
>orrecting the observed data corresponded to the par-
Scular air speed at which the observed data were ob-
ained. The method used for obtaining the tare forces
:esults in the inclusion of the hub forces in the net lift
md drag forces.

RESULTS

The terminology and symbols used in this paper are
thesame as those given in reference 3. For convenience,
Elist of the symbols and definitions follows:

v,
n,
R,
a,

L,
D,
T,

0,

cL,

cDJ
(k,
cT,

P>
#,
&

ao,

a~,

, b~,

u,
1,,

c,
a,

‘Y,

true air sped., ft. per second.
angular veloaty, radians per second.
rotor radius, ft.
rotor angle of attack, deg. (acute angle be-

tween relative wind and a plane perpendicu-
lar to the rotor axis).

rotor lift, lb.
rotor drag, lb.
rotor thrust, lb. (component of rotor force

parallel to rotor &s).
pitch setting, d%. (blade angle measured from

zero lift position when blade is at rest). “

lift coefficient, ~P+rB,

drag coefficient, ~P~~p

re.dtant-f orce coefficient,

thrust coefficient, &p

v Cosatip-speed ratio, ~

blade azimuth angle from down wind in direc-
tion of rotation, deg.
~ebetween blade axis and a plane perpen-

3 cul~ to rotor axis, deg. (positive in the
direction of th.n@), expressed by: p=ao=
al cos #—bl sm +G cos 2#—b2 sm
2* —......

constant term in Fourier series that ex-
pressm p.

coefficient of cos n+ in Fourier series that ex-
presse9 f?.

coefficient of sin n+ in Fourier series that ex-

I!ire9se9/3.
so dity, ratio of blade area to swept disk area.
moment of inertia of one blade about the

horizontal pin, slug-ft?
chord of blade, ft.
lift-curve slope with angle of attack, in radian

measure.

mass constant of blade, c+
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The results of the force measurements corrected fo
tare and jet-boundary interference are presented in fig
ures 3 to 40, inclusive. For each rotor, values of Cl
L/D, CR,c=, a, and the blade-motion coefficients au,a,
and Zilme presented in curve form for each pitch settiry
tested, as functions of the tip-speed ratio p. Th
coefficients C’, L/D, and C~for the A (N. A. C. A. 4412
and A @T. A. C. A. 4418) rotors were cross-fairef
against the pitch setting and then replotted against tip
speed ratio, rLprocedure made possible in these case
by the large number of pitch settings tested. It will bl
noted that L/D has been given in preference to the &q
coefilcient CD; this usage was found advisable becausl
the minimum and maximum values of CDwere in th
ratio of approximately 1:150 and an abnormal scab
would have been required to present the results accu
rately.

The measured blade motion was transformed into tht
coefficients of n Fourier seriesby the 12-point harmoni
analysis described in reference 4, resulting in a series o
12 terms. The blade motion of a full-scale rotor is SUC1
that the coefficients % and b~are not negligible in corn.
parison with%, al, and L51.The mass constant Y of thf
model blad= was so small, however, that al cmflicienti
of order greater than the first were found to be equal h
or smaller than the probable error in the results and
for this reason, no coefficients of higher order than th(
first have been included in the blade-motion data.

Figure 23 shows the effect of a variation in blade plar
form on the maximum L/D for optimum pitch setting
and on CT at p=o.35. Figure 40 illustra-. the effeci
of airfoil section on the maximum LjD and on CT al

P=o.35 as functions of the pitch setting. Figure 41
shows the signMcant effect of a change in the rotor speed
on CLand L/D; figure 42 shows the effect of rotor speed
on al.

No testdata on moments or centem of pressure were
obtained; the geometry of the balance system rendered
such results too inaccurate to be of value.

ACCURACY ,

The accidental errom occurring in these tests arise
from nonsimultaneous observations, the human error
in reading instruments, the failure to obtain steady con-
ditions when taking data, and similar factors. The
influence of these types of error on the iinal results has
been minimized by obtaining a large number of test
pOilltS during ~ tests.

There ire three principal sources of consistent
errors in the final results: The jei%boundary effect,
the blocking effect in the tunnel, &d the errors due
to the method of obtaining the tare drag. A correc-
tion for the effect of the jet boundary on the rotor
was applied by assuming the rotor to be equivalent
to an airfoil of the same span and same total lift.
This correction is justied principally by expediency,
since no information exists that can be used for the

accurate correction of the jetiboundary effect on rI
rotor. The use of this correction assumes a vortex
field behind the rotor similar to the one behind the
equivalent wing, an assumption obviously not exmctly
true. This error can, however, be considered small
and especially so near mtium L/D, where the jet-
boundary correction in all cases had almost vanished.
The blocking effect, which is essentially a disturbance
in the uniform velocity distribution across the jet by
the presence of a body in the jet, has been estimated
from disk tests to be as high as 20 percent for a disk
normal to the air stream. Since this effect depends
mostly upon the projected area of the body on a plrme
normal to the air stream, and upon the drag of the
body, it can be neglected at angles of attack of less
than 30° b> 0.125). Thus the blocking effect does
not influe~ce the maximum L/D, which occurs at
K= 0.35. The tare lift was small and the error arising
from it can be neglected, but the tare drag is the
source of aD error of unlmowm magnitude. The tare
forces were determined by testing the se~up with the
rotor and hub removed, which leaves the interference
effects in the net results; in addition, the hub drag,
which was, because of the size of the hub, considerably
greai%wthan that of a full-scale rotor, was included in
the net drag. These considerations indicate tlmt the
met drags obtained are appreciably larger than tho
zorrect values.

The nature of the consistent errors precludes an
ittempt at their evaluation; the following table sum-
marizesthe magnitude of the errors in the faired curves
:aused by the “accidental factors:

P--------------------
a--------------------

cL-_----_-__---_--_--_
L/D--------------------

CT--------------------
au,al, be--------------------

DISCUSSION

Before the detailed discussion,

*3 percent.
&o.l”.
+3 percent.
&5 percent.
&3 percent.
&o.2”.

it is advisable to
:onsider the effect of an erroneo& tare drag on the
wilts. As previously explained, the tare drag used
ms probrtbly smaller than the correct value bocnuse
he model rotor hub was disproportionately lmge.
L’henet drag coefficients used in obtaining rotor lift-
irag ratios are consequently considered too large. A
xmstant decrement to the bxperirnentol net drag
nefficients would increase the L/D at low-pitch set-
ings more than at high-pitch settings because the
rotorforces and coefficients increase with pitch setting.
3y reference to the curves of CL and L/D it can be
determined that CL for maximum L/D at optimum
)itch setting lies between 0.085 and 0.120 and occurs
Lt p=o.35 for “all rotors, showing that there is no
peat difference in the rotor forces at optimum pitch
;etting and, consequently, that the relative merit of
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the different rotors will not be changed by n smal
error in the tare dreg. The only important chang[
will be a decrease in the optimum pitch setting anc
an increase in the values of the lift-drag ratiof
obtained.

Most of the results require little discussion. 01
all rotors an increase in angle of pitch setting increase:
the lift coefficient at any tip-speed ratio greater thm
tlmt corresponding to maximum lift,” which occurs al
nbout p= O.13, and increases the thrust coefficient
nnd the blade-motion codticients at rdl tip-speec
nitios. The l.ift-drrqgcurves show that for each rotol
there is an optimum angle of pitch sett~m considerabl~
lower than the highest pitch setting at which auto.
rotation occurs.

The variation of angle of attack with pitch setting
is reasonably consistent. At tip-speed ratios in th
approximate range O to 0.15 the angle of attack
increases with pitch setting for pitch settings greate]
than 2°; at higher tip-speed ratios the angle of attack
decreases with pitch setting until within 1° or 2° o~
the muximum pitch sett~~ tested, at which point th~
rmgle of attack begins to increase.

A much greater range of operating pitch settingy
was obtained with the two cambered airfoils (N. A,
C. A. 4412 and N. A. C. A. 4418) than with the two
symmetrical ones (N. A. C. A. 0012 and N. A. C. A,
0018). The principal reason for thk’ result is thoughf
to be the twist of the blnde during its operation. A
twisting couple is wpplied to each blade if the normal
component of the blade centrifugal force is not applied
nt the center of pressure of the air force. The centrifu-
gal force is applied at the center of gravity of the
blade, which is at 0.25c on all bladw. The cent~
of pressure of the symmetrical blades occurs also at
0.25c; consequently, the twisting moment on the
symmetrical blades is negligible. The cambered
blades, however, have a center of pressure that changes
with angle of attack and has rLmean position at about
0.36c. An upward force at 0.35c and an equal down-
ward force at 0.26c obviously tad to decrease the
blade pitch angle, which results in an operating pitch
appreciably less than the pitch setting. This condi-
tion is illustrated in figure 40 by the d.itferencein the
thrust coefficients at equal pitch settings for the four
airfoil sections used. The illustrated d.itlerencesbe-
tween the mean curve for the two symmetrical sec-
tions and the curves for the $WO cambered sections
are then consistent with the explanation given when
it is remembered that the N. A. C. A. 4418 is tor-
sionally stiffer than the N. A. C. A. 4412 and that
the N. A. C. A. 4418 and N. A. C. A. 4412 have almost
identical center+f-pressure characteristics.

The preceding argument leads also to the conclusion
that the twist, and consequently the rotor charac-
teristics determined by the twist, will depend upon
rotor speed because the centrifugal force and thrust
vary with the square of the rotor speed, while the
rigidity remains constant. This deduction is vtied
in figures 41 and 42, showing the A (N. A. C. A. 4412)
rotor characteristics at 400 and 550 revolutions per
minute. The lift coefficient L/D and the flapping
coefficient % at 7° pitch setting and 400 revolutions
per minute correspond more closely to the character-
istics for 8° than for 7° pitch setting when the test
was made at 550 revolutions per minute. These curves
show that at 400 revolutions per minute the operating
pitch was greater than at 550 revolutions per minute
although the pitch setting was the same.

The general information on maximum L/D is sum-
marized in figures 23 and 40. Figge 40 shows that
the order of merit of the airfoil sections based on maxi-
mum L/D is: N. A. C. A. 4412, 0012, 4418, and 0018,
indicating that camber is advantageous and that n
thickness of 18 percent is less efEcient than one of
12 pelcent. Figge 23 shows that the maximum lift-
drag ratio is affected adversely by reduci.mgblade area
near the hub. When quantitative ccnchmions are
drawn from the results in this report, it is important
to remember that the blade twist of the different air-
foils was not constant; this factor may have influenced
the relative L/D ratios of the rotors. It is therefore
not lmown whether the increased eficiency of the
cambered blades shouId be ascribed to the camber or
the twist. The plan-form results also contain another
variable, a change in solidity, which would affect the
L/D; in this case, however, calculations indicate that
the decrease in solidity should increase the LID,
whereas the sum of the two effects was a decrease in
L/D. It then seems safe to conclude that the effect
of reducing the blade area near the hub is, if anything,
more disadvantageous than the rmdta indicate.

The test results indicate that rotor efficiency can
possibly be incrensed by extending the tests of blade
thickness and by a further investigation of the etlect
of twist. The employment of tapered blades with the
maximum chord at the hub also appears promising.
The LID results in this paper are, however, of only
relative value because of the error inherent in the tare-
@ results, and these valuea of L/D are at present

mceeded on full-scale rotors with less efficient airfoil
3ections.

CONCLUSIONS

1. Cambered rotor blades with a center of gravity
it 0.25c are appreciably reduced in pitch while operating
oecause of the dynamic twist.
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2. OwiW to the dMerent ah-foil characteristics and
possibly because of the blade twist, cambered blades
develop a greater L/D than symmetrical ones.

3. An increase in blade thickness ratio from 12 per-
cent to 18 percent results in an appreciably lower L/D.

4. The order of merit based on maximum L/D of
the airfoil sections tested is: N. A. C. A. 4412, 0012,
441s, 0018.

5. Test results are quantitatively reliable for p>O.15
except for the L/D, which is probably lower than the
correct value.

6. Rotor Iift+hg ratios are adversely affected by
removing blade area near the hub.

7. A possibility exists of improving the rotor lift-
drag ratio by tapering the blade to a smalhr chord at
the tip than at the hub.

8. The tests should be extended to include otheI
airfoil sections and tapered blad~, and the effect oi
blade twist should be carefully studied.

LANGLEY MEMORIAL AERONA~CAL LABORATORY,

NATIONAL ADVISORY Cow-n FOR AERONAUTICS,

LANGTJIY FIELD, VA., Odober 10, 1936.

TABLE I.—BLADE CHARACTERISTICS

Bfade d@nstfon Rsys s&l Ohord
c

Fui Fed Foot
6.00 4.375 0.s23
&w 3.60
~~ 276 :3

2m
&w 4.376 .sn
&al 4.376 .523
&w 4.376 .623

1 I 1
1CslcnlstwfforP-o.- shd~ ft.
I For tomfoxmlmoment constant slong bkula.

Angle
)f Zaro
lift
“b

o

0
0
0
0

–: 9
–3. 7

;osp,n

cPaR4
“Ti-

6.31
ha
4.S3
4. S2
4.32
&m
3.s5

rordona
df~;

f3$-
~b.)

a W119
.m
. WQ74
. f#57
. wOi7
. Will
.U30tl
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